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ABSTRACT 
The incremental launching method (ILM) is one of the newest methods being considered in 
bridge construction in recent years. Incremental launching is accomplished by assembling segments 
of the girders behind an abutment, joining them together, and pulling (or pushing) the assembled 
segments on support bearings to their permanent position. During bridge launching, there are 
significant forces that can develop between the launching system and the girders. For example, high 
contact stresses would be created in the area where the launch rollers and the lower surface of the 
bottom flange of a steel bridge girder are in contact. The solution of contact stress problems is not 
typically possible with closed-form solutions because of the complicated geometries, loadings, and 
material properties. 
This thesis discusses the design recommendations for the nonlinear finite element modeling 
of a problem involving contact stresses-strains. In the Chp. 2, a number of pertinent articles that were 
reviewed are summarized. These are presented in three sections: incrementally launched bridges, 
finite element methods for contact problems, and mesh generation in finite element analysis. Chapter 
3 illustrates the general description of the Iowa River Bridge (IRB) launch and the experimental field 
data that was collected during the third launch of the westbound roadway. For the IRB, the girder 
bottom flange was in contact with the roller surface and some of the strains measured during 
launching exceeded the material yield strain. These behaviors require that both contact and material 
nonlinearities be considered for the contact-stress analysis of the IRB. The nonlinear finite element 
modeling is presented in Chp. 4, along with the decisions made to obtain accurate stresses-strains 
while minimizing the data processing time required for predicting the contact stresses. Chapter 5 
details a comparison between the contact strains predicted from ANSYS nonlinear finite element 
modeling and those strains measured experimentally during field testing. 
1. INTRODUCTION 
1.1. Background 
There are several erection methods used in bridge construction including; temporary support 
method, cable and tower method, cantilever method, large block method, and incremental launching 
method. Among these erection methods, the incremental launching method (ILM) is one of the 
newest methods being considered for bridge construction in recent years. Past research [1 , 2, 3, 4, 5, 
12, 18, 19, and 20] has focused on various aspects of this unique construction method. Prior to 
construction of the Iowa River Bridge (IRB) [ 1 O] on Highway 20 in north central Iowa, this method 
had not been used in the United States. The IRB, crossing an environmentally sensitive river belt, 
was constructed by the ILM in order to minimize construction impacts. Figure 1.1 shows several 
photographs during the launch of the IRB. 
During bridge launching, there are significant forces that can develop between the launching 
system and the girders. For example, high contact stresses would be created in the area where the 
launch rollers and the lower surface of the bottom flange of a steel bridge girder are in contact (see 
Figure 1.2). This results from the small contact area and large gravity forces. 
The solution of contact stress problems is not normally possible with closed-form solutions 
because of the complicated geometries, loadings, and material properties. Typically, problems 
involving complicated structural systems, including thorough geometric and material nonlinearities, 
need to rely on numerical solutions, such as those from the finite element method. 
Previous analytical work identified in technical literature includes the development of finite 
element methods for contact problems with friction [6], contact modeling of short beam shear tests 
with composite materials [7] , a finite element method for contact/impact [11] , a method for finite 
element analysis of wheel and rail interaction [14] , and a parametric study of the contact stresses 
around spherical and cylindrical inclusions [ 15]. 
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(a) Aerial view of launching. 
(b) Launching nose extending beyond Pier 3. 
Figure 1.1. General view of Iowa River Bridge launching. 
3 
( c) Launching pit with partial girder assembly in place. 
Figure 1.1. Continued. 
Figure 1.2. Vertical roller positioned between bottom flange splice plate bolts. 
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1.2. Objective and scope 
The primary objective of this study was to develop recommendations for the analysis of 
contact stresses for launched plate girders. For this study, finite element analyses, which were 
performed using the ANSYS software [9] , were used to predict contact strains. These predicted stains 
were compared with strains measured during the launching of the IRB. 
A literature search was conducted to collect available information on the analysis and design 
of incrementally launched bridges. In the Chp. 2, a number of pertinent articles that were reviewed 
are summarized. These are presented in three sections: incrementally launched bridges, finite element 
methods for contact problems, and mesh generation in finite element analysis. 
Chapter 3 summaries the general IRB launch description and the experimental field data that 
were collected during the third launch of the westbound roadway. Additional information about 
launch of the IRB is summaries in this chapter. 
Nonlinear structural behavior occurs from contact nonlinearities, geometric nonlinearities, 
and material nonlinearities. For the IRB, the girder bottom flange was in contact with the roller 
surface and some of the strains measured during launching exceeded the material yield strain. The 
resulting behavior requires that both contact and material nonlinearities be considered for the contact-
stress analysis of the IRB. Nonlinear finite element modeling procedures considered in this work are 
detailed in Chp. 4. 
From the information summarized in Chp.4, several modeling decisions for predicting the 
contact stress for the IRB were made to obtain stress-strain information while minimizing the data 
processing time. In Chp. 5, the options are discussed with respect to the IRB and include the 
following: nonlinear analysis option, girder-aspect ratio, approach method, element type, mesh 
generation, and sub-modeling. 
The overall of this study was to recommend an analytical approach to predict contact induced 
strains for a launched plate girder. Chapter 6 presents the summary, conclusions, and 
recommendations. Bridge designers may be able to utilize the information that is presented in Chp. 6 
for the design of future launched bridges. 
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2. LITERATURE REVIEW 
A literature search was conducted to collect available information on the analysis and design 
of ILM bridge. In the following sections, a number of pertinent articles that were reviewed are 
summarized. These are presented in three sections: incrementally launched bridges, finite element 
methods for contact problems, and mesh generation in finite element analysis. 
2.1. Incrementally launched bridges 
After the first construction project using the ILM was completed, many articles that involved 
new concepts for bridge construction were published about the unique method. Literature by Per 
Granath, Ove Lagerqvist, and Marco Rosignoli are representative of this literature. Especially, Per 
Granath published several articles: Behavior of slender plate girders subjected to patch loading [1], 
distribution of support reaction against a steel girder on a launching shoe [2], behavior of girder webs 
subjected to patch loading [18] , I-shaped steel girders subjected to bending moment and traveling 
patch loading [19], and serviceability limit state of I-shaped steel girders subjected to patch loading 
[20]. 
Granath [1] investigated the response of girders with slender webs subjected to concentrated 
loads using nonlinear finite element analysis. The finite element analysis results were then compared 
with laboratory results. A concentrated load on a plate girder occurs in various situations in 
engineering practice, for instance, during launching of bridge plate girders. To determine if the 
failure behavior depends both on the slenderness of the girder and on the loading condition, the 
authors tested I-shaped steel girders subjected to loading perpendicular to the flange and in the plane 
of the web. Granath concluded that the flange capability to resist moment in the cross section does 
not influence the bearing capacity of girders with slender webs for patching loading. 
Another study [2] also conducted by Per Granath evaluated the distribution of support 
reactions against a steel girder on a launching shoe. Reported in this study are the results from 
laboratory experiments, finite element analysis, and analytical calculations. These three aspects are 
all concerned with the distribution of the reaction force when an I-shaped steel girder is launched on a 
launching shoe with a slide bearing. A girder placed on a tiltable steel bearing launching shoe with a 
polythene slide top plate was investigated. The design calculations for the pertinent load were 
6 
performed with equations valid for the case of a uniform distribution of bearing stress. The results of 
this study indicate that the distribution of support reactions can be described with an analytical model. 
Marco Rosignoli [3] presented a ' reduced-transfer-matrix' concept for determine bending 
moment and shear forces in continuous beams for launched-girder problems. The design of a 
launched-steel bridge requires a considerable amount of calculations, since the highest launching 
stresses, such as bending moment and shear forces , have to be investigated for an extremely high 
number of support conditions. The purpose of his paper was to simulate, with adequate reliability, the 
course of launching and to obtain the highest bending moment and shear forces. The author has also 
addressed this concept in his literary works entitled, "Launched Bridges" [ 4] and "Bridge Launching" 
[5] , along with a general introduction to launching methods and techniques. 
2.2. Finite element methods for contact problems 
Boundary-value problems involving contact between two bodies are of great importance in 
mechanical and civil engineering. Contact problems are very difficult to solve without using a 
numerical solution, such as the finite element method. A report by P. Wriggers [6] addressed the 
issues of finite element methods for contact problems with friction. In this paper, an overview of the 
numerical simulation of frictional problems is presented when general constitutive equations are 
formulated for the contact interface. This report also provides the underlying theoretical derivations. 
A study was conducted by Ming Xie and D. F. Adams [7] to develop and implement a 
simple, but accurate, contact-modeling scheme into an existing three-dimensional, elastic-plastic, 
finite element analysis to study composite, short-beam specimen loaded by rigid cylinders. This 
scheme was found to generate results comparable to those obtained using a more rigorous contact-
modeling scheme, while requiring much less computer time. 
Jerome M. Solberg and Panayiotis Papadopoulos [11] derived formulations for dynamic 
contact-impact within the context of the finite element method. The analysis of differential-algebraic 
equations was applied to the numerical solution of frictionless contact/impact problems in solid 
mechanics. The resulting equations were shown to stabilize the kinematic fields at the contact 
interface, at the expense of a small energy loss, which was shown to decrease consistently with mesh 
refinement. 
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A method for contact modeling and simulation of a wheel-to-rail contact scenario was 
developed by Tanel Telliskivo [14]. Two methods have traditionally been used to investigate the 
wheel-to-rail contact situation: the Hertz analytical method and simplified numerical methods based 
on the boundary-element method. The results of the work show that the difference in maximum, 
equivalent stress between traditional methods and the FE model was small, when the minimum, 
contact radius was large compared to the significant dimensions of the contact area. 
In a study conducted by M.G. Knight [15] , the contact-stress distributions around a 
cylindrical (fiber) or spherical (particle) inclusion embedded in dissimilar matrices were investigated 
using computational techniques. The boundary-element method was shown to be versatile, accurate, 
and computationally inexpensive, when modeling this kind of problem, and the stress results from 
modeling correlated well with the present authors ' finite-element simulations. The conclusions were 
that the compressive stresses are higher at the interface of the fiber compared to that of the particle, 
and the result of including high friction coefficients is to lower the minimum, compressive stress and 
increase the contact angle. 
Budimir Mijovic and Mustafa Dzoklo [17] presented an analysis of the stresses and 
deformations that occur when the surfaces of two, elastic bodies come into contact. The finite 
element methods were used as a numerical technique to obtain the contact stresses between the two 
elastic bodies. The mapped-meshing method and a symmetric-contact model were used in the 
numeric analysis. The authors found that when two bodies come into contact, they initially touch at 
one point or along the line. Under the influence of loading, the bodies deform in the vicinity of the 
point of the first contact so that they touch along the surface whose size is small in relation to the 
length of the body. Contact stresses were predicted in the author' s article, entitled "Numerical model 
of a Hertz contact between two elastic solids." Contact problems usually require nonlinear analysis 
and computers of higher capacity. The size of the contact area in contact between two elements 
depends on loading, material , and boundary conditions. 
2.3. Mesh generation in finite element analysis 
Mesh generation for geometric models has always been a time-consuming task and depends 
mostly on the expertise of the analyst or modeler. R. Maloo [8], a graduate student in industrial 
engineering at the University of Toledo, made qualitative modeling recommendations based on his 
8 
work. As an example, the author described the quadrilateral and hexahedral mesh generation process 
as being better than the triangular and tetrahedral. 
In a study conducted by Michael C. Shiao and Christos C. Chamis [16] , mapping methods 
were developed to improve the accuracy and efficiency of probabilistic-structural analyses with 
coarse, finite-element meshes. The mapping methods consist of deterministic analyses with fine 
meshes, probabilistic analyses with coarse meshes, the relationship between the probabilistic 
responses from the coarse and fine meshes, and a probabilistic mapping. The results show that the 
scatter in the probabilistic-structural responses and structural reliability can be efficiently predicted 
using a coarse, finite-element model and proper mapping methods with good accuracy. Therefore, 
large structures can be efficiently probabilistically analyzed using finite element methods. 
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3. IOWA RIVER BRIDGE LAUNCH DESCRIPTION AND DATA ANALYSIS 
Incremental launching is accomplished by assembling segments of the girders behind an 
abutment, joining them together, and pulling (or pushing) the assembled segments on support 
bearings to their permanent position. In the IRB launch, there were two major launches: the 
westbound roadway launch and the eastbound roadway launch. Each of these consisted of six smaller 
launches of approximately 300 ft each. This chapter illustrates the general IRB launch description 
and a portion of the experimental field data that were collected during the third launch of the 
westbound roadway. Additional information can be found in References 10 and 12. 
3.1. Launching system description 
IRB spans 1510 ft over the Iowa River and is supported by six piers as shown in Fig. 3.1. All 
structural steel, including the girders, diaphragms, and bracing were launched with other 
miscellaneous bracing to minimize the transport of materials following the launch. The girders were 
assembled and prepared for launching in a launching area, known as the launching pit, located to the 
east of Pier 6. To facilitate launching, steel rollers (see Fig. 3.2), 18 in. in diameter and 6 in. wide, 
were used in the launch pit and on the permanent piers to reduce longitudinal resistance. As shown in 
Fig. 3.3, a 146.5-ft long, tapered-steel-nose assembly was attached to the beginning of the structure. 
This nose assembly had two girders that were in with the two interior girders for the IRB. A two-
girders-nose assembly rather than a four-girder-nose assembly was used to reduce the weight. 
Additionally, the nose tapered assembly was used to lift the permanent girders upward over each pier. 
A 24-ft long, framed-steel-tail assembly was temporarily attached to the end of the girder launching 
system. This launching tail (see Fig. 3.4) distributed the hydraulic-jacking force (i.e. , the launching 
force) to the girders. 
Figure 3.5 illustrates six elevation views for one inner girder during different stages of 
Launch 3. At locations where the girder bottom flange changed thickness, tapered ramps were used 
to allow a girder to be smoothly pushed over a roller at each support. For instance, at the end of the 
field splice that is the closest to the nose assembly, an upward tapered ramp (Up ramp) was used 
while a downward tapered ramp (Down ramp) was used at the other end of a field splice. The "up" 
and "down" ramps are essentially wedge shaped steel plates. The field splices, up ramps, and down 
ramps are notated as FSI -FS13 , URI - UR2, and DRI - DR2 respectively. 
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Figure 3.2. Steel roller support. 
Figure 3.3. Nose assembly. 
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(a) Side view of launching tail. 
(b) Back view of launching tail. 
Figure 3.4. Launching tail. 
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To support the girders within the launch pit, four temporary rollers, notated as RA, RB, RC, 
and RD, were installed behind Pier 6. The locations of theses temporary piers, in relation to Piers 3 to 
6, are shown in Fig. 3.5. 
3.2. Experimental data collection 
Contact-strain data were measured during Launch 3 of the westbound roadway for the IRB. 
To accomplish this, strain gages were installed on two girders, Girders C (an interior girder) and D 
(an exterior girder), on the lower portions of the girders as shown in Fig. 3.6 at the designated cross 
section that is labeled "Instrumented location" in Fig. 3.5. Girder C has web dimensions of 135 f in. 
by f in., top flange dimensions of 14 i in. by i in. , and bottom flange dimensions of 19 i in. by 1 -t 
in. Girder D has the same dimensions with the exception of the bottom flange dimension, which has 
a thickness of 1 t in. The gages on the bottom flange were oriented in the longitudinal direction of 
the girders and the web gages were oriented in the vertical direction of the girders. As shown in Fig. 
3.6, a total of thirteen strain gages were mounted on each girder. 
The gage notation shown in Fig. 3.6 relates each gage to a specific location on the bridge and 
will be used in subsequent sections. Specially, DS represents Girder D and Southern side, BW 
represents Bottom gages on the Web, and OBF represents Outer gages on the Bottom Flange. For 
example, DSTW indicates Girder D Southern side of Top gages on the Web, CBF indicates Girder C 
on the center of lower surface of Bottom Flange, and CSOF indicates Girder C Southern side of 
Outer gage on the upper surface of bottom Flange. The strain data were recorded every 0.25 second 
after the gages readings were initially zeroed. The gage readings represent changes in total strain 
from the strain at the initial position. Two gages, notated as DNMW and DNIF, failed for an 
unknown reason. 
3.3. Experimental results 
3.3.1. Longitudinal strain at the upper surface of bottom flange 
Shown in Figs. 3.7 and 3.8 are the longitudinal strains data for the gages on upper surface of 
the Girder C and D bottom flanges , respectively. As shown in the figures , the strain decrease 
gradually until the instrumented section was very near Pier 6. This gradual decrease is due to the 
16 
girders being subjected to an increase in the negative-bending moment at the instrumented section. 
At launching stage 823.5 ft, the instrumented section was located directly above the roller at Pier 6. 
The changes in the measured strain across the width of the upper surface of the bottom flange 
of both girders at several launch increments are shown in Fig. 3.9. One gage, notated DNIF, failed 
due to an unknown reason, therefore, the strain at that location has been estimated. The field data 
should have similar strain at the outer gages and at the inner gages because the gages were 
instrumented on the symmetric locations of girder cross section and the girder cross section was 
symmetric with respect to the plane of the web plate. However, in these figures, the strain did not 
show symmetric values across the width of the bottom flange, which may indicate that the support 
roller had beenoffset from the centerline of the girder. Also, as can be seen in the figures, the slope of 
the strain profile across the flange width is in opposite directions for Girders C and D. 
3.3.2. Longitudinal strain at the lower surface of bottom flange 
Three, longitudinally oriented, strain gages were located on the lower surface of the bottom-
flange plate of Girders C and D. As shown in Figs. 3.10 and 3.11 , these strains have a similar trend 
as that for the strains at the upper surface of the bottom-flange plate. No center gage data (i.e. 
location CBF and OBF) were obtained beyond stage 823.5 ft because these gages were destroyed 
when they came in contact with the roller. Also, note that the strain measured for both girders near 
the stage 823 .5 ft may not be reliable. Before that point, however, the strain increased dramatically 
up to 4,390 micro-strain and 7,634 micro-strain (both in compression) in Girder C and D, 
respectively. Additionally, note the strain that were measured from the outer gages did not change as 
much as that measured from the center gages. 
Strain changes across the width of the outer face for bottom flange for both girders are shown 
in Figs 3.12 and 3.13. The strain change across the lower surface of the bottom flange across the 
width of the bottom flange had a similar trend to that for the upper surface of bottom flange. As with 
the top of the bottom flange, the strain shown in these figures were not symmetric or constant across 
the width of the bottom flange. This indicates that the support roller was probably offset from the 
centerline of the girder during launching. In addition, and as before, the slope of the strain profile 
across the flange width is in opposite directions for Girders C and D as can be seen in the figures. 
The strain change across the width of the bottom flange was almost linear in both girders at stages 
823.0 ft and 824.0 ft, while the change in strain was highly nonlinear at stage 823.5 ft. 
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Figure 3.7. Longitudinal strain at the upper surface of the Girder C bottom flange. 
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Figure 3.9. Longitudinal strain at the upper surface of bottom flange near Pier 6. 
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Figure 3.13. Longitudinal strain in the lower surface of the Girder D bottom flange. 
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3.3.3. Vertical strain in the lower portion of web plate 
Shown in Figs 3.14 and 3.15 are the changes in the measured vertical strain in the web plate 
for Girders C and D, respectively. For approximately the first 70 ft of launching, the vertical strain 
for both girders did not change. This behavior dramatically changed as the gages approached the 
roller at Pier 6. Logically, the lower vertical strain in both girders would be expected to significantly 
increase due to the influence of the roller reaction. The strain change, for both girders between stage 
823 ft and 824 ft , illustrated in Figs 3 .14 (b) and 3 .15 (b ), shows that the largest strain changes 
occurred on the lower gages when the gages were directly over the roller. 
The strain continued to increase after the instrumented cross section passed the roller at Pier 6 
until stage 844 ft was reached, then, as the launching progressed, the strains began to decrease. The 
exact cause of this strain change was difficult to determine. However, this strain change might be 
possible of the bottom flange gages were subject to the compressive strains that would be induced by 
a horizontal force, which may have been applied to the bottom of flange to keep the IRB in alignment 
during the launching process (see Fig. 3.16). 
To estimate the vertical strain at the web-to-bottom flange interface, linear and polynomial 
best-fit lines were applied to estimate the relative strain value. At the web-to-bottom flange interface 
of Girder C, and Das shown in Fig. 3.17, the estimated strain value were approximately 1290 micro-
strains and 2040 micro-strains (compression) respectively. 
3.3.4. Hydraulic ram forces 
A hydraulic-jacking system was used to push the bridge during launching. The bridge girders 
were pushed by a hydraulic cylinder located on each side of the girder system. The hydraulic piston 
was supported by a gantry that is located on an auxiliary supporting pillar near pier 6 in the launching 
pit. The hydraulic-ram forces that were measured during Launch 3 of the West bound IRB are shown 
in Fig. 3.17. As this figure shows, at approximately 15-ft-long launching intervals the forces in both 
the north and south rams returned to zero. This ram-force behavior was due to construction procedure 
associate with using 15-ft-long piston bars. 
26 
600 
300 
0 
-300 
~ 
s:: -600 ·a 
b 
C/) 
-CNTW 
-900 
- CNMW 
CLofRollel 
- CNBW 
-1200 
at Pier 6 1 
- CSTW 
I - CSMW 
-1500 
I - CSBW 
I 
-1800 
730 750 770 790 810 830 850 870 
Launch distance (ft) 
(a) Launch distance from 735 to 854 ft. 
600 
300 
0 
-300 
~ 
s:: -600 ·a 
b 
VJ 
-900 -CNTW 
- CNMW 
-1200 CLofRollel 
- CNBW 
at Pier 6 ! - CSTW 
I 
- CSMW -1500 I 
I - CSBW 
-1800 
823 823 .25 823 .5 823.75 824 
Launch distance (ft) 
(b) Launch distance from 823 to 824 ft. 
Figure 3.14. Vertical strain in the lower portion of the Girder C web plate. 
600 
300 
0 
-300 
~ 
·§ -600 
b 
(,/) 
-900 
-1200 
-1500 
-1800 
730 
600 
300 
0 
-300 
]: 
s:; -600 
·~ 
(,/) 
-900 
-1200 
-1500 
-1800 
823 
750 770 
27 
CL of RoUer ~ ~ 
atPier6 ~ 
790 810 
Launch distance (ft) 
(a) 
(a) Launch distance from 735 to 854 ft. 
at Pier 6 
823 .25 823 .5 
Launch distance (ft) 
(a) 
(b) Launch distance from 823 to 824 ft. 
--DNTW 
-- DNBW 
- DSTW 
-- DSMW 
-- DSBW 
830 850 
--DNTW 
--DNBW 
--DSTW 
-- DSMW 
DSBW 
823 .75 
Figure 3.15. Vertical strains in the lower portion of the Girder D web plate. 
870 
824 
28 
(a) Side view. 
(b) Bottom view. 
Figure 3.16. Bearing roller, horizontal roller, and field splice. 
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As can be seen in Fig. 3 .17, the south ram imposed a greater load than the north ram, but both 
measured loads in the rods responded in a similar pattern each other. The unequal ram forces could 
be because the hydraulic system was located near southern side of the launching system 
Except for the spike at about 750 ft, the load level remained essentially unchanged from the 
beginning of the launch to approximately a launch distance of 764 ft. After launch distance 764 ft, 
the ram forces were gradually increased. This gradual increase in the ram forces was due to the 
increased resistance to launching that was caused by the nose assembly coming in contact with Pier 3. 
Several distinguish spiked points in the load levels are seen in Fig. 3.18. These spiked points were 
caused by changes in the girder cross section that occurred as the field splices passes over a launching 
roller (see Fig. 3.5). 
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4. NONLINEAR, FINITE ELEMENT MODELING AND ANALYSIS 
Nonlinear structural behavior occurs from contact nonlinearities, geometric nonlinearities, 
and/or material nonlinearities. For the JRB, the girder flange was in contact with the roller surface 
and some of the measured strains during launching exceeded the material yield strain. These 
behaviors require that both contact and material nonlinearities be considered for the contact-stress 
analysis of the JRB. 
A Hertz contact problem was performed as a preliminary study. For the Hertz contact 
problem, a finite element model was generated with a 0.05 in. mapped mesh was used around the 
contact area. The contact stress result from the finite element modeling was compared with the result 
obtained from a traditional method. Based on the contact stress from the finite element modeling and 
the traditional method, the finite element modeling was found to produce accurate result. 
4.1. Introduction of nonlinear analysis in ANSYS 
There are a variety of finite element software packages available. But due to the simplicity of 
its graphic user interface and the relative ease with which results can be accessed, the commercial 
Finite Element Analysis software ANSYS 6.1 [9] was used to perform the nonlinear analysis 
discussed herein. The following discussion is written using specific terminology for ANSYS. 
To solve contact and material nonlinear problems, ANSYS uses an incremental solution 
procedure, the Newton-Raphson, equilibrium-iteration procedure, to achieve convergence of 
displacement to a specified tolerance of 0.1 %. In each iteration procedure, the total external load 
within a load step is applied in increments over a certain number of sub-steps. The solution results 
are then saved in the results file, which can be conveniently reviewed in the general postprocessor. 
4.2. 3D-solid structural modeling 
For 3D-solid structural analysis, several modeling decisions must be made to obtain accurate 
stress-strain information while minimizing the data processing time. Element type and mesh 
generation, which includes mesh density and mesh style, are the most significant considerations. For 
contact and material nonlinearities, contact elements and the moderate plasticity option should be 
included in the analysis. Also, if applicable, the model may be able to take advantage of structural 
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symmetry to reduce the size of the model. If only a portion of the model requires a finer mesh, sub-
modeling could be one possible technique for obtaining more accurate results. 
For the analysis of beam structures, the girder-aspect ratio considered in the analysis is also 
an important consideration. In order to minimize the data-processing time and the number of 
elements in the finite element model, the most suitable girder-aspect ratio may be determined using 
member-end forces or member-end displacements from a beam analysis. Figure 4.1 shows the 
applied girder-end forces on a portion of a bridge girder. In this figure, the following notation is 
used: n = Girder aspect ratio, d = Girder depth, n·d = Analyzed girder length, V L = Shear force on the 
left end, V R = Shear force on the right end, M L = Bending moment on the left end, MR= Bending 
moment on the right end, eL = Rotation on the left end, eR = Rotation on the right end, 8L = Deflection 
on the left end, and 8R = Deflection on the right end. 
'----- Top fl ange 
Figure 4.1. Girder segment used for the contact-stress analysis. 
Several more recommendations can be provided to reduce the data-processing time for the 
contact analysis. For example, parallel processing, which uses several CPU, would provide less 
processing time if that type of computer resources are available. Sub-structuring, which is a 
procedure that condenses a group of finite elements into one element represented as a matrix (called a 
super-element in ANSYS program) is another recommendation. Sub-structuring can reduce computer 
time and allow solutions of very large problems with limited computer resources. Nonlinear analyses 
and analyses of structures that contain repeated geometrical patterns are examples of sub-structuring. 
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4.2.1. Element Type 
There are several possible types of structural 3D-solid elements that may be used in ANSYS 
for this type of an analysis. The various element types that were used in this study are listed in Table 
4.1 , shown in Fig. 4.2, and described in the following paragraphs. 
SOLID45 is a three-dimensional brick element used to model isotropic solid structures. It 
has eight nodes and each node has three translational degrees of freedom in the nodal x, y, and z 
directions (see Fig. 4.2 (a)). This element has plasticity, creep, swelling, stress stiffening, large 
deflection, and large strain capabilities. Less data processing time than the other solid elements is 
required for element stiffness formation and stress-strain calculations to achieve a comparable 
accuracy to the full integration option. An analysis using this element is not as accurate as the full 
integration method. 
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(a) SOLID45. 
Figure 4.2. Type of elements for structural 3-D [9]. 
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Figure 4.2. Continued. 
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SOLID72 as shown in Fig. 4.2 (b) is well suited to model irregular bodies and is defined by 
four nodes having six degrees of freedom at each node: translations in the nodal x, y, and z directions 
and rotations about the nodal x, y, and z directions. The SOLID72 element can often be used in place 
of the SOLID92 element to reduce solution time since it does not have mid-side nodes. Although the 
element has additional degrees of freedom per node, it is not as accurate as the SOLID92 element, 
which has ten nodes having three translational degrees of freedom at each node. 
SOLID73 as shown in Fig. 4.2 ( c) is an eight-node brick element that has three translational 
degrees of freedom in the nodal x, y, and z directions as well as rotations about the nodal x, y, and z 
directions. More data processing time than SOLID45 is required for element stiffness formation and 
stress-strain calculations since this element has additional degrees of freedom, which are the rotations 
about the nodal, x, y, z directions. 
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SOLID92 (see Fig. 4.2. (d)) has a quadratic displacement behavior and is well suited to 
model irregular shapes, but it is less accurate than other hexahedral solid elements because it is a 
tetrahedral solid. The element is defined by ten nodes having three degrees of freedom at each node, 
which are the translations in the nodal x, y, and z directions. This element also has plasticity, creep, 
swelling, stress stiffening, large deflection, and large strain capabilities. 
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(c) SOLID73. 
Figure 4.2. Continued. 
SOLID95, shown in Fig. 4.2 (e), is a higher order version of the 3-D 8-node solid element 
SOLID45. Twenty, nodes having three degrees of freedom per node (translations in the nodal x, y, 
and z directions), define the SOLID95 element. The element may have any spatial orientation, 
plasticity, creep, stress stiffening, large deflection, and large strain capabilities. It allows the use of 
irregular shapes without significant loss of accuracy. This element has compatible displacement 
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shapes and is well suited to model curved boundaries. However, the element sizes should be small in 
order to minimize the stress gradients when degenerated. In general, more data processing time is 
required for the element stiffness formation and stress-strain calculations. 
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Figure 4.2. Continued. 
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Figure 4.2. Continued. 
Table 4.1. Structural 3-D solid elements in ANSYS. 
Number 
Type of elements Degrees of freedom Title 
of nodes 
SOLID45 8-nodes UX, UY, UZ Structural solid 
SOLID72 4-nodes UX, UY,UZ,ROTX,ROTY,ROTZ Solid with rotations 
SOLID73 8-nodes UX, UY,UZ,ROTX,ROTY,ROTZ Solid with rotations 
SOLID92 10-nodes UX, UY, UZ Tetrahedral solid 
SOLID95 20-nodes UX, UY, UZ Structural solid 
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4.2.2. Mesh generation 
One of the most important tasks is to create the appropriate mesh for the model. In order to 
obtain better results and to reduce data processing time, mesh generation requires a proper mesh 
density with well-shaped elements that have flexible distortion. Therefore, mesh density and mesh 
style are important issues to consider. 
4.2.2.1. Mesh density 
Creating an appropriate mesh for the model is extremely important. Use of too fine a mesh 
results in excessive data processing time and memory space, while use of too coarse a mesh might 
result in inaccurate results. A fine mesh is normally required in the area where higher stress-strain 
contours may occur, and the other, less significant areas, are meshed with a coarser mesh. Also, sub-
modeling may allow users to force the area to be meshed with finer mesh. Sub-modeling is illustrated 
in Section 4.2.5 in greater detail. 
4.2.2.2. Mesh style 
Before meshing the model geometry, and before building the model, it is important to 
consider whether a free mesh or a mapped mesh is appropriate for the analysis. A free mesh, which 
typically contains tetrahedral shapes, has no restrictions in terms of element shapes, and has no 
specified pattern applied to it. A free mesh also typically requires more elements than a mapped 
mesh and results in lower accuracy. On the other hand, a mapped mesh is restricted in terms of the 
element shape it contains and the pattern of the mesh and generally takes more effort to create. 
To avoid an irregular mesh shape, a hexed-mapped shape is needed. A mapped volume mesh 
contains only hexahedron elements and typically has a regular pattern with obvious rows and columns 
of elements. In order to obtain a mapped mesh, a geometry consisting of a series of fairly regular 
volumes or areas are needed. Because of these restricted condition, a mapped mesh requires longer 
time to be created than a free mesh. 
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4.2.3. Contact nonlinearity 
Some structural systems exhibit nonlinear behavior that is status-dependent. For example, a 
wheel on rail or a launched girder on a support roller is examples of a nonlinear system in which the 
behavior of the system is status dependent. Contact problems are nonlinear and, as such, require 
significant computer resources to solve. In addition, it is important to understand the physics of the 
problem to be able to construct the model to run as efficiently as possible. 
4.2.3.1. Contact-modeling 
Contact problems present two significant difficulties. First, the regions of contact (e.g., size, 
location, shape, etc.) are generally unknown until the problem has been solved. Second, depending 
on the load, material, boundary conditions, and other factors, the contact surfaces can come into and 
go out of contact with each other in a largely unpredictable and abrupt manner. 
The finite element model in ANSYS recognizes possible contact pairs by the presence of 
specific contact elements. Theses contact elements are overlaid on the parts of the model that are 
being analyzed for interaction. 
4.2.3.2. Contact pair elements 
ANSYS supports three contact situations: node-to-node, node-to-surface, and surface-to-
surface. Each type of contact situation uses a different set of ANSYS contact elements and is 
appropriate for differing problems. 
Contact-detection points are located at the integration points of the contact elements that are 
interior to the element surface. The contact element is constrained against penetration into the target 
surface at its integration points. However, the target surface can, in theory, penetrate into the contact 
surface at locations away from the integration points as shown in Fig. 4.3. 
/ :-,_ 
Gauss integratioif point 
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Figure 4.3. Contact detection point location at Gauss point [9]. 
Contact surfaces in ANSYS allow representing a wide range of types of interaction between 
components in a model. In the contact analysis between two bodies, surface-to-surface contact is 
normally used. Surface-to-surface contact is established when a surface of one body contacts the 
surface of another body, and is the most general type of contact as it is commonly used for bodies that 
have arbitrary shapes. The surface of one body is conventionally taken as a contact surface and the 
surface of the other body as a target surface. "Contact" and "Target" surfaces constitute a "Contact 
Pair." The "Contact Pair" is defined by two elements: CONT Al 74 and T ARGEl 70. 
CONTAl 74 is an 8-node element that is intended for general rigid-flexible and flexible-
flexible contact analysis. CONTAl 74 is a surface-to-surface contact element whose contact detection 
points are located either at nodal points or Gauss points. The contact elements are constrained against 
penetration into the target surface at its integration points. 
T ARGEl 70 is used to represent various 3-D target surfaces for the associated contact 
element, CONTAl 74. The contact elements themselves overlay the solid elements describing the 
boundary of a deformable body that is potentially in contact with the rigid target surface, defined by 
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T ARGE 170. Hence, a "target" is simply a geometric entity in space that senses and responds when 
one or more contact elements move into a target segment element. 
The CONT Al 74 contact element is associated with the 3-D target segment elements 
T ARGEl 70 via a shared real contact set number. This element is located on the surface of 3-D solid 
or shell elements, which are called the underlying elements. It has the same geometric characteristics 
as the underlying elements, and the contact surface can be either both sides of the shell or solid 
elements. 
4.2.4. Material nonlinearity 
Nonlinear stress-strain relationships are a common type of nonlinear structural behavior. 
Many factors can influence a material ' s stress-strain properties, including load, environmental 
conditions, and the amount of time that a load is applied. Material nonlinearities results from the fact 
that stress is a nonlinear function of strain. The relationship is also path dependent, so that the 
immediate stress depends on the strain history as well as the immediate strain. 
Structural steel exhibits a linear-stress-strain relationship up to a stress level known as the 
proportional limit. Plastic behavior, characterized by non-recoverable strain, begins when the total 
stress exceeds the material's yield point. 
Multilinear-Isotropic Hardening behavior is shown in Fig. 4.4. The first straight line, whose 
slope is the elastic modulus (E), and the second and third straight lines, characterize these behaviors. 
The second and third straight lines are the tangent modulus (E1), where E1 = dcr/de. When part of a 
structure yields, there is a transfer of load to other parts of the structure, resulting in a continued rise 
in an applied load versus displacement plot. 
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Figure 4.4. Stress-strain behavior based on Mutilinear Isotropic Hardening options [9] . 
4.2.5. Sub-modeling 
To obtain more accurate results in a specific region, two modeling techniques can be 
employed. The first is reanalyzing the entire model with greater mesh refinement. The second is 
generating an independent, more finely meshed model of only the region of interest and analyzing it 
using sub-modeling. Sub-modeling is a finite element technique used to obtain more accurate results 
in a critical region of a model. Sub-modeling is also known as the cut-boundary displacement method 
or the specified-boundary displacement method. The cut boundary is the boundary of the sub-model 
that represents a cut through the coarse model. Nodal displacements calculated on the cut boundary 
of the coarse model are interpolated as boundary conditions for the sub-model. 
Sub-modeling is based on St. Venant's principle, which states that if an actual distribution of 
forces is replaced by a statically equivalent system, the distribution of stress and strain is altered only 
near the regions of load application. This implies that stress concentration effects are localized; 
therefore, if the boundaries of the sub-model are far enough away from the stress concentration, 
reasonably accurate results can be calculated in the sub-model. 
Sub-modeling is often used at localized areas for a large finite-element model. Although sub-
modeling may be commonly thought of as being applicable to linear and static, structural problems, 
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sub-modeling can also be applied to nonlinear and transient analyses. There is frequently confusion 
on whether sub-modeling techniques are applicable to nonlinear analyses. There are two separate 
cases of nonlinear analyses: path-dependent (non-conservative) and path-independent (conservative) 
situations [21]. 
For path-independent analyses, energy is conserved. This indicates that the analysis 
performed from the initial to the final configuration does not dependent on the exact load history, as 
long as the final load is the same. For path-dependent analyses, the load history is important, and 
some examples of nonconservative systems are those which include plasticity or friction since energy 
is lost in the system. The reason why this is important is because, at the cut boundary, the 
displacements will be linearly ramped in a nonlinear solution. Any other externally applied loads on 
the sub-model , such as pressures, temperature, will also be ramped in a linear fashion. In nonlinear 
models, the response, such as displacements, at any given node is not necessarily linearly related to 
the applied load. Hence, if one has a nonlinear sub-model, the applied loads are ramped linearly, but, 
by default, the cut boundary displacements will be linearly ramped as well in ANSYS. For path-
independent systems, this is not a problem because energy is conserved. Thus, the analysis can be 
done from the initial to final configuration in any manner. For path-dependent systems, however, this 
causes some inaccuracies because the actual load history is not captured if the cut boundaries are 
linearly ramped. Hence, energy may be lost from the system [21]. 
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5. IRB NONLINEAR MODELING APPROACH AND RESULTS 
Several modeling decisions for predicting the contact stress for the IRB were made to obtain 
accurate stress-strain information while minimizing the data processing time as described in Section 
4.2. In this section, the "options" given in Section 4.2 are investigated and discussed with respect to 
the IRB and include the following: nonlinear analysis option, girder-aspect ratio, approach method, 
element type, mesh generation, and sub-modeling. In conjunction with the items outlined above, 
several assumptions must also be made: 
• Only static loads were considered. 
• Diaphragms provided no lateral-load distribution. 
• Constant girder cross-section (for global analysis only.) 
• Only girder self-weight load was acting. 
• Girders were centered on the roller surface during launching. 
In Section 4.2, five element types available in ANSYS program were discussed (see Table 
4.1 ). Of these elements, the SOLID45 has fewer degrees of freedom than that for the other elements, 
which can reduce data-processing time. In addition, this element is a hexahedral-solid shape, which 
is more appropriate than a tetrahedral-solid shape. Accordingly, SOLID45 was found to be the most 
suitable element to model the IRB and was selected for the web, flange (top and bottom), and the 
roller for the initial trial. Therefore, except where noted, the SOLID45 element was used. The other 
types of elements were also investigated, and the results compared with SOLID45 ' s (see Section 
5.3.3). 
Surface-to-surface contact is established when a surface of one body contacts the surface of 
another body. The surface of one body is conventionally taken as a contact surface and the surface of 
the other body as a target surface. For all models discussed herein, T ARGEl 70 is selected to 
represent various 3-D target surfaces for the associated contact element (CONTAl 74 in the IRB 
contact geometry) since the roller and the flange have surface-to-surface contact. A list of all the 
elements used for the contact modeling of IRB is presented in the Table 5.1. 
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Table 5.1. ANSYS elements used to model the structure described. 
Elements Descriptions Represents 
SOLID45 3D Solid element Girder and roller 
TARGE170 Surface-to-surface contact Target geometry 
CONTA174 Surface-to-surface contact Contact geometry 
5.1. Model geometry and material properties 
Many objects have some type of symmetry; possible types of symmetry include repetitive 
symmetry, reflective symmetry, or axisymmetry. When an object is symmetric with respect to 
geometry, load, constraints, and material properties, a finite element analysis can take advantage of 
that fact to reduce the size and complexity of the model. Since the IRB contact model was symmetric 
in transverse geometry, transverse load conditions, and expected deformation of the structure, only 
one half of the girder and the roller were modeled, as shown in Fig. 5.1. To create the model, 
individual volumes (flanges, web, fillets, etc.) were created and then connected to each other. The 
contact-pair concept was applied to model the contact geometry between the surface of the roller and 
the lower surface of the bottom flange. The contact geometry will be discussed in greater detail in 
Section 5.2.1. 
The material properties for the selected element are those of steel: density of 0.000283 
kips/in.3 applied by means of a gravity factor, a modulus of elasticity of 29,000 ksi , and a poisson 's 
ratio of 0.3. A friction coefficient of 0.3 for the contact analysis was also specified. 
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r TopFJange 
Bottom Flange __ _.... 
(a) Overall girder view. 
Web plate 
Fillet 
Bottom flange 
Roller 
(b) Isometric view of Detail A. (c) Side-view of Detail A. 
Figure 5.1. IRB model geometry. 
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5.2. Nonlinear analysis options 
5.2.1. Contact Nonlinearity 
A "large" number of contact regions should be assumed for both the contact and target 
surfaces to ensure that the contact behavior is correctly modeled. This results from the fact that the 
size of the contact regions are generally unknown until after the analysis has been completed. 
ANSYS supports a "contact-pair" concept, which can reduce the time required to create the contact 
elements and to select the contact and target surfaces. 
Although the use of a small contact region may reduce data-processing time, selection of a 
small contact region sometimes requires more time to specify the minimum contact area in the 
ANSYS preprocessor. In the case of the IRB contact analysis, selection of a small contact region was 
a more time-consuming task than to specify the whole roller surface as a target surface. Accordingly, 
the assumed contact region should be considered before the model geometry is created, and then the 
contact regions may be defined by the contact pair concept. 
Figure 5.2 shows the specified contact surfaces for the IRB. For analysis of the IRB contact 
analysis, the middle 1 ft of the lower surface of the bottom flange, was specified as a contact surface 
and the half of roller surface was specified as the target surface. 
5.2.2. Material Nonlinearity 
To model stress-strain behavior for the IRB materials, Mutilinear Isotropic Hardening (MISO 
tables in ANSYS) option was required, and elastic-plastic stress-strain relationship was used to 
simply the analysis. Because MISO definition uses the von Mises yield criteria (see Section 5.3.4), 
coupled with an isotropic, work-hardening assumption. This option is useful for large-strain analyses. 
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Top Flange 
Bottom Flange ---
(a) Overall girder view. 
Contact element surface 
Target element surface 
(b) Detail A (enlarged view of contact geometry). 
Figure 5.2. Contact geometry in IRB structure in ANSYS model. 
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5.3. Modeling approach of the IRB contact analysis 
Previously in Sections 4.1 and 4.2, structural symmetry and nonlinear options were discussed. 
In this section, several more modeling considerations are illustrated to obtain accurate stress-strain 
information and to minimize the data-processing time. The considerations discussed here are girder-
aspect ratio, model-approach method, element type, and mesh generations. 
In the IRB contact modeling, the boundary conditions, which are the bending moments, shear 
forces, rotations, and deflections from a classical beam analysis, were applied to the three-
dimensional model. In order to apply bending moments to the 3D model, loads were applied in the 
longitudinal direction at the upper most nodes of top flange and at the lower most nodes of bottom 
flange of the member cross section, but no web longitudinal forces were applied to simply in this 
analysis. To account for the shear force, loads were applied in the vertical direction at the center line 
of the web plate, and the loads were divided by the number of nodes on the web to simply in this 
analysis. 
The interior Girder C was analyzed using beam elements with the assumptions discussed 
previously. Figure 5.3 shows the structural status at stage 644 ft, when the data recording was 
initiated, and Figure 5.4 shows the structural status at stage 823.5 ft when the instrumented section 
was directly positioned over the roller at Pier 6. These changes in internal forces (and associated 
determination) will be utilized in the analysis. 
5.3.1. Girder-aspect ratio 
Elementary-beam theory assumes the length of a span is significantly larger than the depth of 
section. In order to use the member-end forces and deformations from the classical beam analysis, 
the girder-aspect ratio must also satisfy the assumptions of elementary beam theory. Therefore, 
defining of the most effective, girder-aspect ratio (girder length vs. depth) is very significant. As 
shown in Table 5.2, the boundary conditions at different aspect ratios were investigated to determine 
the most effective girder-aspect ratio for applying the member-end forces and displacements from the 
classical beam analysis to the three-dimensional model. 
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Table 5.2. Girder C member-end forces and displacements from finite element beam analysis. 
Girder-aspect 
6 4 2 
ratio 
Member-end Left-end Right-end Left-end Right-end Left-end Right-end 
Deflection (in.) 0.1703 -0.6742 0.1614 -0.4070 0.1094 -0.1764 
Rotation (rad) 0.0001 -0.0020 -0.0002 -0.0018 -0.0006 -0.0015 
Bending moment (k-ft) -1368.3 -930.3 -1941.4 -1649.4 -2584.8 -2438.8 
Shear force (kips) -46.8 59.5 -52.9 65.6 -59.0 71.7 
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location 
I 
Launch Pit: 
180 ft 
I 
I 
I 
I 
Steel Plate Girder 
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(a) Configuration. 
302 ft 
8.089 in. 0.189 in. 3.519 in. 
~­
-0. 195 in. 
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88.5 k 
-0.217 in. -3 .365 in. 
(b) Deflection shape. 
(c) Shear diagram (Vy). 
( d) Bending moment diagram (Mz). 
Figure 5.3. IRB steel Girder C at stage 644 ft. 
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Instrumentation 
location Steel Plate Girder Nose Assembly 
302 ft 302 ft 302 ft 
(a) Configuration. 
2.349 in. 
--~-
-2.571 in. 
-1.276 in. 
-3.590 in. 
(b) Deflection shape. 
(c) Shear diagram (Vy). 
3000 k-ft 
-4085 k-ft 
-4628 k-ft 
(d) Bending moment diagram (Mz). 
Figure 5.4. IRB steel Girder Cat stage 823.5 ft. 
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Too small of an aspect ratio results in inaccurate results, and too big of an aspect ratio 
increases the number of elements and data-processing time. To determine the best, girder-aspect ratio, 
3D-solid analysis was performed with ratios of as 2, 4, and 6, and then the results were compared 
with the field data, as shown in Fig. 5.5. For 3D-solid analysis, the bending moment and shear forces 
from a beam analysis were applied to the end of the girder member. 
The SOLID45 was used for the analysis with a mapped mesh using member-end forces. As 
can be seen, as the girder-aspect ratio increase, more elements and relative processing time were 
required as shown in Table 5.3. For the Girder C analysis as aspect ratio of 4, the solution time 
required approximately 2.5 hrs using Pentium 4 (CPU of 1.3 GHz and 512 MB of RAM memory 
capacity). From the aspect ratio of 6, the solution time required approximately 3.3 hrs using same 
computer resources (see Table 5.3). 
Table 5.3. Model with different girder-aspect ratios. 
Girder C aspect ratio 2 4 6 
Number of element 35,330 51, 170 63,227 
Relative processing time 0.69 1.31 
Figure 5.5 shows the model comparison for three girder-aspect ratios in addition to the field 
measured strain for the vertical strains in the web plate at the launch distance of 823.5 ft for Girder C. 
All analyzes produced a similar pattern to the field data. However, the analyses using aspect ratios of 
four and six show closer strains to the field data than that using aspect ratio of two. The analysis 
using a ratio of six required 30 % more data-processing time as shown in Table 5.3. Thus, an aspect 
ratio of four was selected as the most adequate girder-aspect ratio for this analysis. 
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Figure 5.5. Model comparison for Girder Cat stage 823.5 ft using different girder-aspect ratios. 
5.3.2. Analysis approach of member-end force-based vs. displacement-based 
The most effective approach method for analyzing the structure must be selected. There are 
two basic approaches for this analysis. One approach uses the member-end forces (shear forces and 
bending moments) to determine for a classic beam analysis. Another approach uses the member-end 
displacements (rotations and deflections) for the same classic beam analysis. 
Figure 5.6 shows the 3D-solid modeling comparison for the two different approaches. Both 
approaches were developed using an aspect ratio of four, SOLID45 elements, and mapped meshes. 
As shown in Fig. 5.6, the member-end force-based approach followed close to the field data. 
Although more elements were used as shown in Table 5.4, less processing time was required for this 
approach. Therefore, the member-end force-based approach was selected as the most effective 
method for analyzing the structure. 
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Figure 5.6. Model comparison for Girder Cat stage 823.5 ft using the member-end force-based 
approach and the member-end displacement-based approach. 
Table 5.4. Model with member-end force-based approach and displacement-based approach. 
Approach methods 
Number of elements 
Relative processing time 
Member-end 
force- based 
51, 170 
Member-end 
Displacement-based 
35,500 
1.62 
5.3.3. Element type 
Five element types available in ANSYS were discussed in Section 4.2. In this section, the 
solid elements (SOLID72, 73, 92 and 95 listed in Table 4.1) were used to compare the strain with 
those that were obtained with the SOLID45 elements to determine the best type of element for the this 
56 
analysis . Figure 5.7 shows the modeling comparison for different types of elements. Note: These 
analyses were developed using an aspect ratio of four with the member-end, force-based approach 
discussed previously. 
As shown in Fig. 5.7, SOLID72 elements produced a similar pattern with those that were 
obtained with the SOLID45 elements although SOLID72 elements required more elements and data-
processing time (see Table 5.5). The SOLID73 element, with the additional rotational degrees-of-
freedom, had similar results to the SOLID45 element as can be seen in the Fig. 5.7. However, the 
SOLID73 element required more processing time due to the increased degrees-of-freedom. As shown 
in Table 5.5 , the SOLID92 element, a tetrahedral-solid element with three degrees of freedom at each 
node, required more elements and processing time with a similar pattern. SOLID95 is a higher-order 
element producing a results pattern with those obtained from the field data. Additionally, like 
SOLID92, this element required more processing time with a similar pattern, as can be seen in Table 
5.5. Even though SOLLID95, 73 , and 72 elements produced similar patterns and showed better 
accuracy than that was obtained with the SOLID45 element, SOLID95, 73 , and 72 required much 
larger relative processing time than SOLID45 element, as shown in Table 5.5. Therefore, based on 
the relative processing time (see Table 5.5) and the accuracy of the strains (see Fig. 5.7), SOLID45 
was found to be the most suitable element type to analyze the IRB contact structure. 
Table 5.5. Model with different types of elements. 
Types of elements SOLID95 SOLID92 SOLID73 SOLID72 SOLID45 
Mapped Tetrahedral Mapped Tetrahedral Mapped 
Mesh style 
mesh mesh mesh mesh mesh 
Number of elements 51 , 170 74,520 51 , 170 74,520 51 ,170 
Relative processing time 4.73 1.71 4.81 6.29 
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Model comparison for Girder C at stage 823.5 ft using different types of elements. 
5.3.4. Mesh generation 
5.3.4.1. Free mesh versus mapped mesh 
A free mesh has no restrictions in terms of element shapes, and has no specified target 
pattern. A mapped mesh is restricted in terms of the element shape and it contains a regular pattern 
with obvious rows and columns of elements. Typically, a free mesh model requires more elements 
than a mapped mesh and may incorporate several different element shapes such as rectangular, 
triangular, and tetrahedral shapes. A mapped volume mesh contains only hexahedron elements. A 
mapped mesh generally requires more time to be generated than a free mesh. Figures 5.8 and 5.9 
illustrate a free mesh and a mapped mesh, respectively, for IRB girder. 
Figure 5.10 shows the typical analysis comparison for a free mesh and a mapped mesh. 
These analyses were performed with SOLID45 element and a girder-aspect ratio of four using the 
member-end force-based approach. The two mesh styles produced similar strain patter to that 
obtained from the field data, but the free-mesh model required more elements and approximately 70 
% more data-processing time, as shown in Table 5.6. Thus, even though a mapped mesh takes longer 
time to be generated, a mapped mesh is the most suitable mesh style for this structure to reduce the 
processing time and increased accuracy. 
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Figure 5.8. Free mesh in IRB girder. 
Figure 5.9. Mapped mesh in IRB girder. 
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Figure 5.10. Model comparison for Girder C at stage 823.5 ft using free mesh and mapped mesh. 
Table 5.6. Model with free mesh and mapped mesh. 
Mesh styles Free mesh Mapped mesh 
Number of elements 74,520 51,170 
Relative processing time 1.71 
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5.3.4.2. Mesh density 
Contact-analysis problems generally require a smaller element size near the contact region 
than the region away where the contact occurs. However, smaller element sizes increase the number 
of elements and data-processing time. For the IRB, a 0.5 in.-mesh size was used around the contact 
area, while a coarser mesh was used in the other regions. Due to computer resource limitations, sub-
modeling was used to model with a smaller element size. Sub-modeling is described in Section 5.3.5. 
5.3.5. Sub-modeling 
In contact-stress problems, a very refined mesh in the region of contact is usually needed in 
order to accurately determine the size of contact region and to determine the highly localized, contact 
stresses. To decrease the element size in the contact region, an area with a width of 1 ft and a height 
of 1 ft was sub-modeled with a mesh size of 0.25 in. (due to the limited computer resources, a mesh 
size smaller than 0.25 in. cannot be provided). This size of the sub-modeling region was determined 
from the shape and gradient of the stress-strain contour that show a small change in stress-strain from 
the original modeling. Review of the stress-strain contour in close proximity to the contact point, 
revealed that the change in the strain at approximately 1 ft from the contact point was negligible. 
Thus, the 1 ft x 1 ft area was selected. Nodal displacements calculated on the cut boundary of the 
original model were interpolated as boundary conditions for the sub-model. 
Figure 5.11 shows the model comparison for Girder C at stage 823.5 ft using sub-modeling. 
In Figs. 5.11 (b) and (c), only half of strain results from sub-modeling are presented, since the 
predicted strains from the sub-modeling were symmetric. The predicted, vertical strains in the web 
plate by the sub-model showed a similar pattern to the field data, as shown in Fig. 5 .11 (a). But, the 
predicted longitudinal stains in both the upper and lower surface of bottom-flange plate significantly 
deviated from the field-measured strains near the contact area (see Fig. 5.11 (b) and (c)). The 
differences between the predicted and the measured strains may be because the mesh size of 0.25 in. 
may not be small enough to obtain improved strains. Sub-modeling required approximately 70% 
additional data-processing time (see Table 5.7). 
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Table 5.7. Modeling and Sub-modeling 
Modeling Sub-modeling 
Mesh style Mapped mesh Mapped mesh 
Element type SOLID45 SOLID45 
Approach method Load based 
Girder-aspect ratio 4 
Number of elements 51, 170 35,147 
Re la ti ve processing time 0.7 
0 
20 
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5.4. Results 
Based on the modeling features investigated and discussed herein, the final model for Girder 
C was developed with a mapped mesh using SOILD45 and a girder-aspect ratio equals to four. The 
analysis was performed using the member-end, force-based approach. 
Similarly, for Girder D, the finite element beam analysis was performed as discussed in 
Section 5.3, and the boundary conditions, such as bending moment and shear force, were applied to 
the three-dimensional model. Additionally, the three-dimensional model for Girder D was developed 
with the same approach; SOLID45, a girder-aspect ratio of four, a mapped mesh, and member-end 
force-based method. Table 5.8 shows the member-end forces and displacements for Girder D from a 
finite element beam analysis, and Table 5.9 summaries contact-analysis, modeling attributes for the 
IRB. 
Table 5.8. Girder D end displacements and load using a beam analysis. 
Girder D 
4 
aspect ratio 
Member-end Left-end Right-end 
Deflection (in.) 0.3027 -0.6119 
Rotation (rad) -0.0006 -0.0027 
Bending moment (k-ft) -2533.8 -2109.3 
Shear force (kips) -56.0 75.4 
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Table 5.9. Summary of contact-analysis modeling for the IRB. 
Mesh style 
Element type 
Approach method 
Number of elements 
Girder-aspect ratio 
Modeling 
Mapped mesh 
SOLID45 
TARGE170 
CONTAC174 
Member-end force-based 
SOLID45 - 50138 
T ARGEl 70 - 432 
CONTACl 74 - 600 
4 
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5.4.1. Lower portion of web plate 
Figures 5.12 and 5.13 and Figs. 5.14 and 5.15 show the vertical strain in the lower portion of 
web plate for both Girders C and D, respectively, when the instrumented section was near Pier 6. 
Generally, the predicted strains that are shown in Figs. 5.13 and 5.15, followed a similar pattern to the 
pattern that was obtained from the field data, but the predicted strain at some of the launch stages 
differed by as much as 30% from average of the measured strains. This is especially true for Girder 
D. The predicted strain at stages 823.0 ft (behind the support roller) and 824.0 ft (beyond the support 
roller) (see Figs. 5.12 (a) and 5.14 (a)), and at stages 823.25 ft (behind the support roller) and 823. 75 
ft (beyond the support roller) (see Figs. 5.12 (b) and 5.14 (b)) had similar results. However, the field 
data shown in Figs. 5 .12 and 5 .14 do not show similar strains at those stages. In addition, the 
difference in the measured strain between the northern face and the southern face of the web plate 
could be a result of the girders not being centered on the roller. If the averages of the strains from the 
field data at the northern and southern faces are used, the predicted strains show a better correlation 
with the field data. 
The predicted vertical strain at the web-to-bottom flange interface were approximately 1500 
micro-strains and 1600 micro-strains (both in compression) at stage 823 .5 ft for Girder C (Fig. 5 .12 
(c)) and for Girder D (Fig. 5.14 (c)), respectively. The extraplated strain values from the field data 
were approximately 1290 micro-strains and 2040 micro-strains (both in compression) at stage 823.5 ft 
for Girder C and D, respectively. Vertical-strain contours from ANSYS are shown in Figs. 5.16 and 
5.17. These figures illustrate that the strains are highly localized at the web-to-bottom flange 
interface and at the center of the lower surface of the bottom flange. 
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Figure 5.12. Vertical strain in the lower part of the Girder C web plate near Pier 6. 
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Figure 5 .13. Vertical strain in the lower part of the Girder C web plate from 823 ft to 824 ft. 
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Figure 5.14. Vertical strain in the lower part of the Girder D web plate near Pier 6. 
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Figure 5.17. Girder D vertical strain (Ey) contour. 
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5.4.2. Upper surface of bottom flange 
Figures 5.18 and 5.19 and Figs. 5.20 and 5.21 show the longitudinal strain in the upper 
surface of the bottom flange of Girders C and D, respectively, near Pier 6. In general , the predicted 
longitudinal strain along the width of the upper surface of the bottom-flange plate significantly 
deviated from and did not follow a similar pattern to the field data, as shown in Figs 5.19 and 5.21. 
These strain differences were especially true at the locations that were within the roller width. As 
described in the previous section, the predicted strain were similar at stages 823.0 ft (behind the roller 
support) and 824.0 ft (beyond the roller support) (see Figs. 5.18 (a) and 5.20 (a)), and at stages 823.25 
ft (behind the roller support) and 823. 75 ft (beyond the roller support) (see Figs. 5.18 (b) and 5.20 
(b) ). However, the field-measured strains shown in Figs. 5 .18 and 5 .20 do not reveal a similar pattern 
at those stages. Additionally, one would expect that the measured stains would be essentially the 
same at the outer gages and also at the inner gages if the girder was exactly centered on the roller, 
because these gages were instrumented at symmetric locations of a girder cross section and the girder 
cross section was symmetric with respect to the pane of the web plate, the field data should have 
symmetric strains. The similarity in the predicted strains is because only half of the girder and the 
roller were modeled and predicted strain data were graphically mirrored. However, the measured 
stains might have beam affected by the diaphragm between bridge girders so that the stains did not 
have symmetric values. This is also possibly the fact that the girder was not centered. 
The maximum strains (CSIF and DSIF within the support roller width) from the field data 
were approximately 470 micro-strains, 900 micro-strains (both in tension) at stage 823.5 ft for Girder 
C (Fig. 5.19) and D (Fig. 5.20), respectively, and the maximum predicted strains were approximately 
820 micro-strains, 1100 micro-strains (both in tension) for Girder C and D, respectively. 
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Figure 5.18. Longitudinal strain in the upper surface of the Girder C bottom flange near Pier 6. 
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Figure 5 .21. Longitudinal strain in the upper surface of Girder C bottom flange from 823 ft to 824 ft. 
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5.3.3. Lower surface of bottom flange 
The longitudinal strains in the lower surface of the bottom flange of Girders C and D near 
Pier 6 are shown in Figs 5.22 and 5.23 and in Figs. 5.24, and 5.25, respectively. ANSYS-COBF 
represents the predicted strains for Girder C at the outer gage location on the upper surface of the 
bottom flange (see Fig. 5.23). ANSYS-BOBF represents the predicted strains for Girder D at the 
outer gage location on the upper surface of the bottom flange (see Fig. 5.25). Figures 5.23 and 5.25 
reveal that except for the center gage strains for both Girders C and D, the strains which were 
predicted by the ANSYS model typically followed a similar pattern to the measured strain pattern. As 
with the predicted strain on the upper surface of bottom flange, the predicted strain were similar at 
stages 823.0 ft (behind the roller support) and 824.0 ft (beyond the roller support) (see Figs. 5.22 (a) 
and 5.24 (a)), and at stages 823.25 ft (behind the roller support) and 823.75 ft (beyond the roller 
support) (see Figs. 5.22 (b) and 5.24 (b)), while the field data shown in Figs. 5.22 and 5.24 does not 
follow a similar pattern at those stages. 
The predicted longitudinal strains at the lower surface of the bottom flange were 
approximately 1510 micro-strains and 1520 micro-strains (both in compression) for Girder C and D, 
respectively. No center gage data (i.e. location CBF and OBF) were obtained beyond stage 823.5 ft 
because these gages were destroyed when they came in contact with the roller. Before stage 823.5 ft, 
the center gage strain values at bottom flange (CBF and DBF) from the field data increased 
dramatically up to 4390 micro-strains and 7634 micro-strains (both in compression) for Girder C and 
D, respectively. One possible reason for the significant difference between the predicted strains and 
the measured strains can be because the element size of 0.5 in. was not small enough for analysis at 
the contact region. 
The maximum, predicted longitudinal strains in the flange plate were approximately 2100 
micro-strains and 2700 micro-strains (both in compression) for Girder C and D, respectively, and 
occurred approximately 2 in. away from the longitudinal centerline of the lower surface of bottom 
flange. Figures 5.26 and 5.27 show the longitudinal strain contours from ANSYS. The strains were 
highly localized at the center of the lower surface of bottom flange. 
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5.3.4. Von Mises stress 
The von Mises criterion [13] , also known as the maximum, energy-distortion criterion, or 
octahedral, shear-stress theory (also known as the Tresca criterion), is often used to estimate the yield 
stress of ductile materials. 
The von Mises criterion states that failure occurs when the energy of distortion reaches the 
same energy for yield in uniaxial tension or compression. Mathematically, this is expressed as, 
or 
, where 
O'xxi O'yy, O'zz = Uniaxial stresses 
O'y = Yield stress 
In the cases of plane stress, 0'3 = 0. The von Mises criterion reduces to, 
, where 
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Accordingly, the von Mises stress is a scalar function of all the stresses in unit cube and can 
be directly compared against the yield stress CTy- If CTy < CTvon, then the material yields. If CTy > CTvon, 
then the material behaves elastically. These equations above represent a principal-stress ellipse, as 
illustrated in Fig. 5.28, 
Hydrostatic, cr1 = cr2 = cr3 
von Mises criterion=\ 
von Mises criterion 
cr2 ; . r Tresca criterion 
. <(~y··["'·: ~· :: .:..v 
' ' ' 
, ,'' : : ,' 
,' ,' ' t • ... ~a/: ............................. / 'cry···· a, 
"<-------------------~:'~~y 
: ,"' 
_.;:-· ,_-_ ------ ;-~:- -------- --- ---- CT I 
(b) 3D 
Figure 5.28. The von Mises stress theory and maximum shear criterion. 
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Also shown in Fig. 5.28 is the maximum, shear-stress (Tresca) criterion [13] with von Mises 
criterion. The maximum, shear-stress criterion is more conservative than the von Mises criterion, 
since it lies inside the von Mises ellipse. In addition to bounding the principal stresses to prevent 
ductile failure, the von Mises criterion also gives a reasonable estimation of fatigue failure [13]. 
Figures 5.29 and 5.30 show the predicted von Mises stresses for Girder C and D, respectively, 
that are based on the finite element models for theses girders when the instrumented sections were at 
stage 823.5 ft. The von Mises stresses at the web-to-bottom flange interfaces were approximately 43 
ksi for both girders, as shown in Figs. 5.29 (a) and 5.30 (a). Predicted longitudinal stresses at the 
center of the lower surface of bottom flange were approximately 48 ksi for both Girder C and D (see 
Figs. 5.29 (b) and 5.30 (b), respectively). However, the peak stress for Girder D was approximately 
53 ksi at 2 in. away from the longitudinal centerline of the lower surface of bottom flange, as can be 
seen in Fig. 5.30 (b). This peak stress, 2 in. away from the bottom flange, might be caused by Girder 
D having a thinner bottom flange than Girder C. 
The von Mises stress contours are shown in Figs. 5.31 and 5.32 for Girder C and D, 
respectively. The von Mises stresses were highly localized at the center of bottom flange and at the 
web-to-flange interface. At the outer edge of the upper surface of the bottom flange, these stresses 
are relatively smaller than those at the remaining part of the girder. In addition, these stresses 
increase at an increasing rate from the outer edge of the flange toward the center of the bottom flange. 
Similarly, the stresses in the web decrease at a decreasing rate from the web-to-bottom flange 
interface towards the center of the web. 
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Figure 5.29. Girder C von Mises stresses. 
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Figure 5.32. Girder D von Mises stress contour. 
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6. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
6.1. Summary 
The Iowa River Bridge (IRB), crossmg an environmentally sensitive nver belt, was 
constructed by the Incremental Lunched Method (ILM) in order to minimize the construction impacts 
on the river valley. The ILM is one of the newest methods being considered for bridge construction. 
That being said, there are important behaviors that should be carefully considered during the design 
of bridges to be constructed using the ILM. One of these includes designing for contact stresses. The 
overall objective of this research was to develop recommendations for an analysis procedure to 
predict the contact stresses that are induced in the steel girders for similar launched bridges. In 
general, the strain obtained from the ANSYS finite element analysis for the web plate had a pattern 
similar to those measured in the field. However, the predicted strain for bottom flange showed 
notable differences from the field data. These differences are likely due to the assumptions made 
during the analyses and computer resource limitations. 
6.2. Conclusions 
The following conclusions were developed from the work presented in the previous chapters. 
1. A girder aspect ratio of four or more is needed. 
2. The member-end force-based approach for modeling provides better results than the 
member-end displacement-based approach. 
3. A tetrahedral-solid shape, such as SOLID72 and SOLID92 with a free mesh, exhibited 
similar strain results too, but at the same time require more data-processing time and a larger 
number of elements than from a hexahedron-solid element, such as SOLID45, SOLD73, and 
SOLID95 with a mapped mesh. 
4. Elements that have additional degrees of freedom, such as SOLID73 and SOLID72, and 
higher-order elements, such as SOLID95, produced similar results compared to lower-order 
elements, but these elements require more data-processing time and number of elements. 
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5. Mesh density near the contact region must be smaller than 0.5 in. 
6. Sub-modeling with an element size of 0.25 in. does not provide increased accuracy. 
6.3. Recommendations 
The following recommendations for modeling similar types of contact stress problems are 
based on the work presented herein: 
1. Surface-to-surface contact elements should be used for modeling the nonlinear geometry of 
contact problem, and in case of the ANSYS, a "contact pair" function is applicable for the 
contact-element generation. 
2. An elastic-plastic, stress-strain relationship is required for modeling the material nonlinearity. 
3. The girder-aspect ratio for the model should be at least four. 
4. End forces , determined from a two-dimensional stick model, should be applied at the ends of 
the detailed three-dimensional model. Moments and shear forces should be properly applied 
following St. Venant's principals. 
5. Both mapped and free meshes were found to exhibit similar strain results. Mapped meshes 
can reduce the number of elements that are needed to generate a model and can reduce the 
data-processing time compared to free meshed. Thus, a mapped mesh is the recommended 
mesh style for the contact analysis although it requires more time to generate than free 
meshes because a mapped mesh is restricted in terms of the element shape and the pattern of 
the mesh. 
6. A mesh size smaller than 0.5 in. in the contact region is required for contact stress analysis. 
7. A three-dimensional brick, element with 8 nodes (3 degrees of freedom at each node), such 
as SOLID45, should be used. 
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8. Sub-structuring is a procedure that condenses a group of finite elements into one element 
represented as a matrix (called a super-element in ANSYS program). Sub-structuring can 
reduce computer time and allow solutions of very large problems with limited computer 
resources. Nonlinear analyses and analyses of structures that contain repeated geometrical 
patterns are examples of sub-structuring. 
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